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Abstract 
White layer formation is considered as a part of minimum array of parameters characterizing surface integrity of the 
machined product. The paper is aimed on identification and characterization of white layer generated when finish 
turning aged Inconel 718 with Al2O3-SiCw ceramic tools under different cutting conditions, tool wear and coolant 
application. As expected intensity of white layer formation was proportional to cutting speed and tool wear. High 
resolution transmission electron microscopy (HRTEM) performed on white layer revealed formation of 
nanostructured material with grain size of 50-150 nm. Long-term ultrasonic-assisted etching of white layer allowed to 
uncover its morphology, where subsequent AFM measurements confirmed HRTEM findings. Observations by high 
resolution SEM provided evidence that γ’ Ni3(Al,Ti) phase remained intact. 
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1. Introduction 
Performance and life time of a produced component to a large extent depends on the attained surface 
integrity. When machining Inconel 718 superalloy this becomes more demanding since produced parts 
are applied in critical power and aerospace areas. These areas put high requirements onto fatigue strength 
of machined components. Presence of white layer (WL) on the machined surface can lead to reduction of 
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fatigue life up to six times [1], thus necessitating inclusion of WL into the array of parameters 
characterizing surface integrity. 
Increase in cutting speed, stimulated by high demands on production efficiency, results in formation of 
WL when machining superalloys. Limited number of studies of WL in superalloys [2-6], which is more 
commonly observed for ground and machined hardened steels, requires thorough investigation of its 
structure and formation mechanisms. 
Table 1. Chemical composition of Inconel 718 in wt.% 
Elem. Ni Cr Mo Nb Ti Al Co Mn Si Cu C Ta Fe 
min 50.0 17.0 2.8 4.75 0.65 0.2 - - - - - - 
bal 
max 55.0 21.0 3.3 5.50 1.15 0.8 1.0 0.35 0.35 0.3 0.08 0.05 
Several mechanisms were advanced to describe formation of white layer. Machining of PM Ni-based 
ME16 superalloy resulted in formation of metal-ceramic compound (Al-Cr-O) due to chemical reactions 
with environment [4]. Characterization of ground WL in cast IN738LC alloy suggested melting and 
subsequent quenching mechanism resulting in dissolution of γ’ phase and formation of nanocrystalline 
structure [5]. Generation of ultra-fine grain structure was registered in subsurface layer when micro-
drilling Inconel 718 and mechanism of severe plastic deformation (SPD) was attributed to its formation 
[6]. Considering critical influence of white layer on fatigue life more detailed analysis of WL is needed. 
This paper focuses on investigation of morphology and microstructural aspects of machined WL, along 
with technological aspects of its formation, when high speed turning aged Inconel 718. 
2. Experimental 
Heat-resistant nickel-iron superalloy Inconel 718 was used as a workpiece material throughout the 
tests. The material was supplied as a bar of 70 mm in diameter and 250 mm in length, the former reduced 
to ∅ 40 mm to enable subsequent cut-off operation for sample preparation. The material with 
composition listed in Tab. 1 was subjected to solution annealing and precipitation hardening to bulk 
hardness of 45±1 HRC. Microstructurally it consisted of grains of ∼23 µm (via Heyn Method) of FCC γ 
matrix with uniformly distributed γ’’ Ni3Nb BCT (see Fig. 1.b) and limited fraction of γ’ Ni3(Al, Ti) FCC 
precipitates. Platelets of Ni3Nb orthorhombic δ phase and primary carbides NbC and TiC precipitated at 
grain boundaries (see Fig. 1.a). 
All tests employed CC670 whisker reinforced alumina (Al2O3-SiCw) DNGN150712T0120 inserts with 
1.2 mm nose radius and 0.1×20° chamfer. When installed on the CDJNL3025P11 toolholder they 
provided -6° back and -6° side rake angles and 93° major cutting edge angle. Tests included machining 
dry and with coolant; three tool wear conditions VBmax=0, 0.15, 0.3 mm; four cutting speeds vc=100, 200, 
300, 400 m/min; three feeds f=0.1, 0.15, 0.2 mm/rev and fixed cutting depth ap=0.3 mm. Characterization 
of white layer by high resolution microscopy techniques was performed for one case of vc=300 m/min, 
f=0.2 mm/rev, VBmax=0.3 mm, machining with coolant, possessing WL thickness of up to 14 µm, thus 
enhancing reliability of results. 
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Fig. 1. Microstructure of aged Inconel 718: (a) δ phase (Ni3Nb) and NbC carbide precipitating at grain boundaries; 
(b) γ’’ precipitate (Ni3Nb, BCT) uniformly distributed in γ matrix. 
Machined samples were cut, hot mounted in edge-retention resin, ground, diamond polished with final 
polishing by 40 nm SiO2 colloidal solution. Two types of etchant were applied: Kalling’s #2 and HF -
 based (HF-2, H2O2-50, HCl-40, H2O dist.-8 vol. parts). White layer inspection and quantification was 
done under Leica DMDR light microscope. Further inspection and TEM sample preparation via Focused 
Ion Beam (FIB) milling was performed on HRSEM FEI Nova NanoLab 600. Transmission electron 
microscopy was performed on HRTEM JEOL 3000F microscope. Morphology of etched WL was 
recorded by atomic force microscope AFM Dimension 3100. 
3. Results 
3.1. Influence of process conditions 
Analysis of the machined samples revealed that subsurface consists of three or four zones with varied 
intensity of deformation and microscopic features: white layer with features not distinguishable by light 
or scanning electron microscopy (see Fig. 2.a); major deformation zone with highly strained grains and 
undefined grain boundaries (see Fig. 2.a); minor deformation zone with deformed grains yet defined grain 
boundaries; bulk material. Last three zones are intrinsic for all process conditions where their intensity 
increases with tool wear, feed and less with cutting speed. For machining with coolant, irrespective of 
other conditions, white layer was registered only for worn-out tools (VBmax=0.3 mm). When dry 
machining, white layer was not present under new tool (VBmax=0) conditions. Increase in the cutting speed 
(vc=300 and 400 m/min) under semi-worn (VBmax=0.15 mm) conditions lead to formation of WL, as well 
for all conditions under worn tools (VBmax=0.3 mm). White layer was found to have strongly irregular 
thickness. For semi-worn tool conditions its appearance was mostly limited to side flow. For worn tools a 
continuous WL was formed with peak thickness in the side flow region (see Fig. 2.b). For continuous 
white layer, variation in thickness was found within the range of 2-5 µm for side-flow-free region up to 
20-30 µm for intensive side-flow region. 
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Fig. 2. (a) White layer and subsurface deformation in speed direction. (b) Irregularity of WL distribution in feed 
direction. 
3.2. Composition and morphology of white layer 
Application of HF-based etchant allowed clear identification WL boundaries where Focused Ion Beam 
milling, in direction parallel to cutting speed, was used to extract TEM lamellae, due to high precision 
requirements to the area of interest. Lamellae had dimensions of 12×8 µm and thickness reduced to 50-
100 nm, to allow electron transparency. Both bright field and dark field TEM have revealed that white 
layer is composed of nanocrystalline structure with grain size of 50-150 nm (see Fig. 3). Considerable 
number of non-equilibrium grain boundaries and zones with high dislocation density were detected. 
Presence of insignificant amount of larger grains of around 200 nm was observed as well.  
  
Fig. 3. (a) Bright field TEM of white layer. (b) Dark field TEM micrograph of the same area. 
As seen from Fig. 4, the selected area electron diffraction pattern is composed of rings which reveal 
presence of ultra-fine grain structure. Indexing of the SAED pattern has given a definite presence of FCC 
γ Ni-Fe solid solution. Reflections of γ’’ phase overlap with [111], [200] and [220] reflections of γ phase 
making their indexing inconclusive. EDX-STEM nanoprobe mapping has detected areas (20 to 50 nm in 
size) with high concentration of Nb, which indirectly indicates the presence of γ’’ Ni3Nb phase. 
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Conclusive existence of the same γ phase as in the parental material indicates absence of phase 
transformation in white layer. Presence of orthorhombic δ Ni3Nb and FCC γ’ Ni3(Al, Ti) was not detected 
by TEM, which is expected due to their minor content.  
 
Fig. 4. Indexed selected area electron diffraction pattern of white layer. 
It was found that white layer for Inconel 718, as opposite to hard turned one, can be subjected to 
etching. Use of HF-based reagent leads to selective etching with slower rate than the bulk material (see 
Fig. 2), yet microstructural features are neither detectable by light microscopy nor by HRSEM. Possibility 
of etching prompted a long-term application of Kalling’s #2 reagent. It was found that ultrasonic-assisted 
procedure with duration of 48 to 72 hours reveals microstructure of the white layer. Detection of 
topography of etched white layer by atomic force microscopy indicated a continuous and uniform 
distribution of nanosized grains of 50-150 nm (see Fig. 5.a), thus confirming refinement of matrix γ 
phase. Similar results were obtained by high resolution SEM, which also pointed to the presence of γ’ 
Ni3(Al, Ti) phase (see Fig. 5.b). Elements of severely segmented δ Ni3Nb phase were also registered by 
HRSEM. Bearing in mind TEM results it can be stated conclusively that three out of four parent material 
phases are present in the white layer and no phase transformation occurs during its generation. 
  
Fig. 5. (a) AFM measurement of ultrasonic-assisted etch of white layer. (b) HRSEM image of ultrasonic-assisted etch 
of WL indicating γ’ phase Ni3(Al, Ti). 
65V. Bushlya et al. / Procedia Engineering 19 (2011) 60 – 66 V. Bushlya et al./ Procedia Engineering 00 (2012) 000–000 6 
4. Discussion 
Three possible mechanisms of white layer formation are recognized [7]: phase transformation due to 
rapid heating and cooling; grain refinement due to severe plastic deformation (SPD) and reactions of the 
surface with environment. The first mechanism of melting and subsequent rapid cooling was suggested by 
Österle and Li [5] for ground WL of IN738LC superalloy based on dissolution of γ’ phase and sharp 
interface between WL and bulk. Melting followed by rapid cooling (104-105 ºC/sec), in case of Ni3Nb 
containing Inconel 718, is expected to result in formation of HCP ζ Ni3Nb phase [8], which was not 
observed. Required cooling rates are attainable, as shown by Chou and Evans [9] for hard turning, 
especially when machining with coolant, as in the current study. Observed formation of nanosized grains 
amidst highly deformed grains in the major deformation zone [6] reflects continuity of the grain 
refinement. Two factors: continuity of WL and presence of all parental phases in WL, allow to exclude 
thermally-induced phase transformation as white layer generation mechanism.  
Grain refinement when machining is a subject to either dynamic recovery or dynamic recrystallization 
(DRX) mechanisms [10]. Inconel 718 is a typical representative of low stacking fault energy (SFE) 
materials where presence of solute atoms and particles of other phases reduce the mobility of dislocations 
thus hindering dynamic recovery. On the other hand presence of second phase particles is an advantage 
for dynamic recrystallization: non-coherent γ’ and δ phases promote mechanism of particle stimulated 
nucleation. Furthermore, high cooling rates and presence of coherent γ’’ phase precipitates inhibit grain 
growth and facilitate retaining of generated nanostructured layer [11]. 
As identified in section 3.1 tool wear is the main factor intensifying WL formation. Wear of whisker 
reinforced alumina is characterized by rounding of cutting edge, flank wear land and adhesion of Inconel 
718 on it. These factors lead to an increase of strain induced to the machined surface. Frictional heat from 
the worn tool flank, along with heat due to high cutting speed and dry machining, leads to an increase in 
process temperature and intensification of side-flow. This subjects material in the side-flow region to 
undergoing additional deformation. Formation of nanocrystalline grains through subdivision of highly 
strained and elongated original grains is regarded as major mechanisms during severe plastic deformation 
(SPD) of low SFE materials. Possibility of formation of nanometer grain size structures in Inconel 718, 
registered in traditional [12] and machining-induced SPD techniques [13], suggests SPD as 
accompanying mechanism to DRX. 
5. Conclusions 
The presented results address issues of white layer formation when turning superalloy Inconel 718 
under a wide range of process conditions. Transmission electron, scanning electron and atomic force 
microscopy techniques were applied for its characterization. Tool wear, dry machining and cutting speed 
were found to be main factors leading to white layer intensification. White layer was found to consist of 
nanocrystalline grains with grain size of 50-150 nm. Phase composition of white layer was found to 
include phases of the parent bulk material. Refinement of grain size was predominantly attributed to 
dynamic recrystallization and grain subdivision by severe plastic deformation of the nearsurface region. 
Technological factors of cutting edge blunting, during tool wear, and intensive side flow were attributed 
to introduction of large strain and promotion of DRX and SPD mechanisms of white layer formation 
66  V. Bushlya et al. / Procedia Engineering 19 (2011) 60 – 66 V. Bushlya et al./ Procedia Engineering 00 (2012) 000–000 7 
. 
Acknowledgements 
This work has been done as a part of the research project ShortCut, SSF/Proviking as well as a part of 
the Sustainable Production Initiative (SPI). One of the authors wishes to acknowledge research 
scholarship granted by Swedish Institute.  
References 
[1] Schwach DW, Guo YB. A fundamental study on the impact of surface integrity by hard turning on rolling contact fatigue. Int 
J Fatigue. 2006; 28:1838-1844. 
[2] Jin D et al. Influence of cutting speed on surface integrity for powder metallurgy nickel-based superalloy FGH95. Int J Adv 
Manuf Technol. DOI 10.1007/s00170-011-3196-7. 
[3] Kwong J et al. The sensitivity of Ni-based superalloy to hole making operations: Influence of process parameters on 
subsurface damage and residual stresses. J Mater Proc Technol. 2009; 209:3968-3977. 
[4] Veldhius SC et al. Investigations of white layer formation during machining of powder metallurgical Ni-based ME 16 
superalloy. JMEPEG. 2010; 19:1031-1036. 
[5] Österle W, Li PX. Mechanical and thermal response of a nickel-base superalloy upon grinding with high removal rates. 
Mater Sci Eng A. 1997; 238:357-366. 
[6] Imran M et al. Evaluation of surface integrity in micro drilling process for nickel-based superalloy. Int J Adv Manuf Technol. 
2011; 55:465-474. 
[7] Griffiths BJ. Mechanisms of White Layer Generation With Reference to Machining and Deformation Processes. J Tribol. 
1987; 109 (3): 525-531. 
[8] Ruhl RC et al. Metastable HCP phases in Ni-rich Ni-Nb and Ni-Ta alloys. J L-Comm Met. 1967; 13:611-618. 
[9] Chou YK et al. White layers and thermal modeling of hard turned surfaces. Int J Mach T Manufact. 1999; 39:1863-1881. 
[10] Barry J, Byrne G. TEM study on surface white layer in two turned hardened steels. Mater Sci Eng A. 2002; 325:356-364. 
[11] Verlinden B et al. Thermo-Mechanical Processing of Metallic Materials. Vol. 11. London. Pergamon; 2007. 
[12] Mukhtarov SK, et al. Thermal stability and mechanical properties on nanostructured Nickel based alloy Inconel 718. Rev 
Adv Mater Sci. 2010; 25: 219-224. 
[13] Swaminathan S et al. Severe plastic deformation and nanostructured materials by machining. J Mater Sci. 2007; 42:1529-
1541. 
